in the heart remains largely unknown; however, some evidence suggests that activation of myocardial PPAR-␥ may have metabolic and anti-inflammatory effects.
Cardiac metabolic and anti-inflammatory effects of PPAR-␥ have been demonstrated in rat and mouse models. PPAR-␥ activation has been shown to increase myocardial expression of glucose transporters, promote carbohydrate substrate utilization in cardiomyocytes and intact hearts (1, 23, 34, 46) , and attenuate proinflammatory cytokine expression in activated cardiomyocytes (51) , experimental myocarditis (56) , or chronic left ventricular (LV) failure due to myocardial infarction (45) . Moreover, most (18, 23, 46, 53, 57) , but not all (26) , studies have shown that thiazolidinedione PPAR-␥ activators reduce myocardial infarct size and enhance recovery of contractile function in intact rat hearts after ischemia and reperfusion. These findings are derived from studies in normal and insulin-resistant models.
Although the preponderance of evidence from rodent studies suggests cardioprotective effects of PPAR-␥ activation in myocardial ischemia and reperfusion, effects in large animals are uncertain. This issue assumes greater importance in light of the fact that millions of patients with or at risk for ischemic heart disease are treated with thiazolidinediones, despite minimal knowledge of effects of these agents in the human heart. Key intermediate data concerning effects of PPAR-␥ activation in large-animal models of myocardial ischemia and reperfusion are therefore needed.
We previously showed that pigs treated chronically with the prototypical thiazolidinedione drug troglitazone demonstrate improved LV function and enhanced carbohydrate utilization after an episode of acute ischemia and reperfusion (60) . Another group demonstrated that troglitazone reduces infarct size in dogs (25) . However, because the troglitazone molecule contains a thiazolidinedione moiety and an ␣-tocopherol moiety, it is uncertain whether beneficial effects of this agent are due to PPAR-␥ activation by its thiazolidinedione moiety, antioxidant effects of its ␣-tocopherol moiety, or both.
In the present study, we tested the hypothesis that PPAR-␥ activation promotes recovery of contractile function after myocardial ischemia and reperfusion in nondiabetic pigs, associated with enhanced myocardial carbohydrate metabolism and diminished expression of proinflammatory cytokines. Our approach was to compare responses to acute myocardial ischemia and reperfusion in pigs that received chronic pretreatment with troglitazone (thiazolidinedione with ␣-tocopherol moiety), rosiglitazone (thiazolidinedione without ␣-tocopherol moiety), or ␣-tocopherol (no thiazolidinedione moiety) with pigs that received no pretreatment.
METHODS
Treatment groups. The experimental protocol was approved by the responsible Institutional Animal Care and Use Committee. Fifty-six pigs of either gender (8 Ϯ 1 kg body wt) were obtained from a breeding farm and fed a diet of dry chow containing 3% fat by weight (Growena, Purina Mills, St. Louis, MO). Four groups of pigs were studied. Twenty-four pigs served as controls and received no chronic drug treatment (untreated group). Twelve pigs were treated with troglitazone (Sankyo Pharmaceutical Research Institute, Tokyo, Japan; 75 mg⅐kg Ϫ1 ⅐day
Ϫ1
) for 8 wk (troglitazone group). Twelve pigs were treated with rosiglitazone (GlaxoSmithKline; 3 mg⅐kg Ϫ1 ⅐day
) for 8 wk (rosiglitazone group). Pilot studies indicated that these doses of troglitazone and rosiglitazone result in trough plasma concentrations 10 -20 times the EC 50 of each agent for activation of PPAR-␥ in vitro (41) and trough and peak plasma concentrations that bracket peak plasma concentrations achieved in clinical use of the agents (2, 32, 48) . Eight pigs were treated with ␣-tocopherol (Leiner Health Products, Carson, CA; 73 mg ⅐ kg Ϫ1 ⅐ day Ϫ1 ) for 8 wk (␣-tocopherol group). This dose of ␣-tocopherol is equimolar to the dose of troglitazone administered to the troglitazone group.
Anesthesia, surgery, and instrumentation of the heart. After 8 wk of treatment, each pig underwent a terminal experiment of low-flow myocardial ischemia and reperfusion. The methods for anesthesia, surgery, instrumentation of the heart, and physiological monitoring have been described previously (60) . After an overnight fast, pigs were sedated with ketamine HCl (25 mg/kg im), anesthetized with ␣-chloralose (100 mg/kg iv induction, 20 -30 mg ⅐ kg Ϫ1 ⅐ h Ϫ1 iv maintenance), and mechanically ventilated with oxygen-enriched air. Pigs were wrapped in a circulating warm-water blanket, which we have shown prevents significant hypothermia in this model (43) . Arterial blood glucose was monitored every 15 min, and an intravenous infusion of 10% glucose was adjusted to maintain arterial blood glucose at ϳ4 mmol/l. Propranolol (1 mg/kg iv) and atropine (0.2 mg/kg iv) were administered to block autonomic reflexes that would otherwise influence measures of intrinsic myocardial function. Normal saline solution was administered at a rate of 150 ml/h iv.
Instrumentation of the heart is illustrated in Fig. 1 . Micromanometer catheters were placed in the aortic arch and LV. A fluid-filled catheter was placed in the left atrium. Bipolar pacing electrodes were affixed to the left atrial appendage and used to maintain heart rate slightly greater than the spontaneous rate. An adjustable hydraulic occluder (In Vivo Metrics, Healdsburg, CA) and an ultrasonic flow probe (Transonic, Ithaca, NY) were placed around the proximal portion of the left anterior descending coronary artery (LAD) to produce and monitor the severity of regional myocardial ischemia. A catheter was placed in the anterior interventricular coronary vein to sample effluent blood from the ischemic region. Arrays of four ultrasonic crystals were implanted in the subendocardium of anterior and posterior LV free walls (ischemic and nonischemic regions, respectively). The crystals were connected to a digital sonomicrometer (Sonometrics, London, Ontario, Canada) to measure the instantaneous regional wall area subtended by each array.
Ischemia-reperfusion protocol. The protocol of low-flow myocardial ischemia and reperfusion has been described previously (60) . After instrumentation of the heart, baseline measurements of hemodynamics, regional LV function, blood flow, and substrate uptake were obtained under steady-state conditions. Next, a microsyringe connected to the hydraulic occluder was used to produce regional low-flow myocardial ischemia by gradual constriction of the LAD, while coronary flow was continuously monitored with the flowmeter. LAD flow was reduced to 50% of baseline and maintained at this level (Ϯ1 ml/min) for 90 min by fine adjustment of the microsyringe. We and others previously showed that this duration and severity of ischemia in pigs result in profound myocardial stunning but not infarction (28, 42) . At the end of 90 min of ischemia, a second set of measurements of hemodynamics, LV function, blood flow, and metabolism was made. The LAD occluder was then gradually released over 2-3 min to allow reperfusion. A final set of measurements was made after 90 min of reperfusion. Lidocaine (0.6 mg/kg iv) was administered every 30 min during ischemia and before reperfusion to prevent arrhythmias. Selected 10-s intervals of hemodynamic and sonomicrometry data were digitized at a frequency of 200 Hz and analyzed using custom software. After conclusion of the in vivo protocol and euthanasia, the heart was removed and myocardial samples were quickly excised from ischemic and nonischemic regions of the LV for analysis of regional myocardial blood flow and expression of PPAR-␥ and cytokines.
Measurement of test compounds, regional myocardial blood flow, and substrate uptake. Plasma concentrations of troglitazone and rosiglitazone were measured by high-performance liquid chromatography (19, 33) . Under each experimental condition, regional myocardial blood flow was measured in three transmural layers with fluorescent microspheres, as previously described (44) . Paired blood samples were withdrawn simultaneously from arterial and anterior interventricular coronary vein catheters for measurement of substrate concentrations. Glucose and lactate concentrations were measured using an autoanalyzer (YSI, Yellow Springs, OH). Free fatty acid (FFA) concentration was measured using a spectrophotometric assay (Wako Diagnostics). Regional myocardial substrate uptake was calculated as the product of transmurally averaged myocardial blood flow and coronary arteriovenous concentration difference. Plasma insulin was measured by radioimmunoassay.
Assessment of LV systolic function. Hemodynamic data were digitized at 200 Hz and analyzed using custom software built on a LabView (National Instruments) platform. LV pressure vs. regional wall area loops were recorded in ischemic and nonischemic regions during brief suspension of mechanical ventilation.
Several measures of regional contractile function were calculated. Fractional systolic wall area reduction is a two-dimensional analog to segment shortening in one dimension or ejection fraction in three dimensions. It was calculated as the difference between end-diastolic and end-systolic wall area, divided by end-diastolic wall area. An index of regional external work was calculated as the area of LV pressure vs. wall area loop inscribed in one cardiac cycle. These measures, in conjunction with systemic hemodynamics, allowed comparison of baseline (preischemic) function among groups. However, because systolic wall area reduction and regional external work are sensitive to loading conditions, which change markedly during ische- Fig. 1 . Instrumentation of the heart. LV, left ventricle; LA, left atrium. mia and reperfusion, a load-insensitive measure of systolic function was necessary under those conditions.
To obtain a measure of regional systolic function that is relatively insensitive to preload and afterload, preload-adjusted regional external work was calculated as follows (55) : regional Frank-Starling relations were obtained under each experimental condition (baseline, ischemia, and reperfusion) by plotting regional external work against corresponding end-diastolic wall area for each cardiac cycle during 10 s of occlusion of the inferior vena cava. Preload-adjusted regional external work was computed from the Frank-Starling relation for each condition by setting preload (end-diastolic wall area) to its steady-state value under baseline conditions. Under each experimental condition in each pig, at least five measurements of preload-adjusted regional external work were made and averaged. It should be noted that preload-adjusted regional external work does not indicate actual work performed by the region under the prevailing loading conditions but provides a basis for comparing intrinsic myocardial function among pigs or groups of pigs at comparable loading conditions. In some cases, the calculated value of preload-adjusted regional external work was negative during ischemia or reperfusion. This does not necessarily imply that negative work was performed under the prevailing loading conditions; rather, it indicates that contractile dysfunction was so severe that positive work would not be performed if loading conditions were set back to baseline.
Myocardial expression of PPAR-␥. Myocardial homogenates were prepared from frozen specimens of subendocardium from the nonischemic and ischemic regions of five hearts from each of the four treatment groups. Tissue samples were obtained immediately after euthanasia. The 20 samples from ischemic-reperfused regions and the 20 samples from nonischemic regions were assayed on two gels, respectively. Expression of PPAR-␥ mRNA was assessed by ribonuclease protection assay using a riboprobe derived from the published nucleotide sequence for porcine PPAR-␥1 (17) . RNA was extracted using TRIzol reagent (Invitrogen). The PPAR-␥1 cDNA sequence was provided by Dr. Stefan Neuenschwander (Swiss Federal Institute of Technology, Zürich, Switzerland). Total RNA (40 g) prepared from each homogenate was hybridized overnight with the PPAR-␥ riboprobe at 42°C. Under these conditions, the riboprobe hybridizes with a 550-bp fragment of PPAR-␥1 (corresponding to nucleotides 12-562 of AJ006756) and with a 433-bp fragment of PPAR-␥2 (nucleotides 116 -549 of AB097930). Digestion was carried out using 1:25 ribonuclease T1 (RPA III, Ambion), and the protected fragments were separated on a 6% denaturing polyacrylamide gel. PPAR-␥1 and PPAR-␥2 isoforms were quantified with a PhosphorImager and ImageQuant software (Amersham) and normalized to GAPDH, an internal control for RNA loading.
Expression of proinflammatory cytokines. Levels of mRNA and protein of IL-1␤, IL-6, and IFN-␥ were measured by ribonuclease protection assay and enzyme-linked immunosorbent assay in samples of subendocardium from ischemic-reperfused and nonischemic regions. Total RNA was hybridized overnight at 56°C with [␣-
32 P]UTP-labeled antisense probes complementary to the porcine cytokine transcripts of interest (Pharmingen, San Diego, CA). Digestion was carried out with 1:100 dilution of ribonuclease A ϩ T1 for 30 min at 37°C. Protected fragments were separated on 5% denaturing polyacrylamide gels. Each gel contained samples from the four treatment groups. The intensity of bands corresponding to IL-1␤, IL-6, and IFN-␥ mRNA was normalized to GAPDH. Cytokine protein expression was determined using commercially available kits containing antibodies to porcine IL-1␤ and IFN-␥ (BioSource, Camarillo, CA) and IL-6 (R & D Systems, Minneapolis, MN). To determine whether ischemia and reperfusion in the anterior LV affected cytokine expression in the nonischemic posterior LV, three pigs were anesthetized and instrumented as described for the other experimental animals but were not subjected to ischemia. In these sham experiments, subendocardial tissue samples were obtained at a time corresponding to the end of reperfusion in ischemia-reperfusion experiments.
Effect of increasing arterial FFA concentration. Arterial FFA concentrations are considerably lower in pigs fed a low-fat diet than in humans, particularly under the conditions of ␤-adrenergic blockade in these experiments. To evaluate the effects of PPAR-␥ activation on myocardial FFA utilization over a physiological range of arterial FFA concentrations, we performed additional experiments in six pigs from the untreated group and six pigs from the troglitazone group, in which arterial FFA concentration was increased by infusion of a 10% triglyceride emulsion (Liposyn, Abbott, Abbott Park, IL) and heparin. These pigs were surgically instrumented and subjected to the myocardial ischemia and reperfusion protocol described above. Liposyn was infused continuously at a rate of 50 ml/h, beginning 45 min before the onset of ischemia and continuing through reperfusion. Heparin was administered at the initiation of Liposyn infusion (15,000 IU iv), at 45 min of ischemia (5,000 IU iv), and at 45 min of reperfusion (5,000 IU iv). Myocardial substrate uptake was measured at baseline, at 45 min of preischemic treatment with Liposyn-heparin, at 90 min of ischemia, and at 90 min of reperfusion.
Statistical analysis. Values are means Ϯ SE. Intergroup comparison of variables with a single measurement was performed by unpaired t-test (for 2 groups) or analysis of variance (for Ͼ2 groups). Within an individual group, changes in a variable from baseline to ischemia to reperfusion were assessed by a one-factor repeatedmeasures analysis of variance; if the F-test indicated a significant difference among conditions, Dunnett's post hoc procedure was employed. Differences between groups in the response of a variable to ischemia and reperfusion were evaluated by a three-factor analysis of variance with repeated measures on one factor (experimental condition). The two other factors were binary grouping variables that described characteristics of the test compound in each group of pigs: one variable indicated presence or absence of a thiazolidinedione moiety (i.e., 1 for troglitazone and rosiglitazone, 0 for ␣-tocopherol and untreated), the other indicated presence or absence of an ␣-tocopherol moiety (i.e., 1 for troglitazone and ␣-tocopherol, 0 for rosiglitazone and untreated). In this analysis, the interaction terms between experimental condition and the grouping variables indicate which characteristic(s) of the test compounds influenced the response to ischemia and reperfusion. A significance level of 0.05 was specified for all analyses.
RESULTS
Growth, development, behavior, and weight gain were similar in each of the four groups of pigs. At the time of the terminal experiment, pigs weighed 28 Ϯ 2 kg, with no significant differences among groups. No adverse effects of chronic treatment were discerned with any of the test compounds. Three pigs in the untreated group and one pig in the ␣-tocopherol group died of ventricular arrhythmia before completing the ischemia-reperfusion experiment. Although we previously observed an increase in lethal ventricular arrhythmias in pigs treated with troglitazone just before ischemia (58) , there was no mortality in the chronic troglitazone or the chronic rosiglitazone group of the present study.
Plasma concentrations of test compounds. Plasma concentrations of test compounds are shown in Table 1 . Trough and peak plasma concentrations of troglitazone and rosiglitazone bracketed the maximal plasma concentrations achieved in clinical use of these agents (2, 32, 48) . Moreover, the relative plasma concentrations of troglitazone and rosiglitazone were commensurate with the relative affinities of these compounds for PPAR-␥: for both compounds, trough plasma concentrations were ϳ10 times higher than the EC 50 for PPAR-␥ activation in vitro (41) .
Expression of PPAR-␥.
Both isoforms of PPAR-␥ were detected in porcine myocardium. The expression of PPAR-␥ fulfills a necessary condition for specific actions of a PPAR-␥ activator in the myocardium. Compared with untreated pigs, rosiglitazone increased expression of both isoforms of PPAR-␥ in ischemic-reperfused and nonischemic regions (Fig. 2 , Table  2 ). Troglitazone had a smaller effect on PPAR-␥ expression that was significant only for PPAR-␥ 2 . ␣-Tocopherol had no significant effect on PPAR-␥ expression.
Hemodynamics and myocardial blood flow. Baseline (preischemic) hemodynamics, myocardial blood flow, and systolic area reduction in the anterior LV were similar in each group (Table 3) . Total LAD flow was higher in the rosiglitazone group than in the other groups. There are two likely explanations for this finding. 1) Hearts tended to be larger in the rosiglitazone group (mean 154 g) than in the other groups (mean 132-149 g). 2) Mean transmural blood flow (per gram myocardium, measured by microspheres) tended to be higher in the rosiglitazone group than in the other groups. This may have been related, in part, to slightly lower blood hemoglobin content in the rosiglitazone group (mean 11.0 g/dl) than in the other groups (12.0 -12.3 g/dl, P ϭ 0.07). Subendocardial blood flow did not differ among groups. This is important, because intergroup comparisons of regional contractile function and cytokine expression were made in the subendocardial layer. During ischemia, the relative reduction in LAD flow and the relative and absolute reductions in subendocardial blood flow were similar in each group.
Regional LV systolic function. At baseline before ischemia, regional LV systolic function in the anterior LV was similar in all groups as assessed by fractional systolic area reduction (Table 3 ) and by regional external work (Fig. 3) . We used a load-insensitive measure of contractile function, preload-adjusted regional external work, to assess effects of test compounds on contractile function during ischemia and reperfusion. During these conditions, preload-adjusted regional external work remained greater in pigs treated with troglitazone or ␣-tocopherol (i.e., groups treated with test compounds containing an ␣-tocopherol moiety) than in pigs treated with rosiglitazone or untreated pigs (i.e., groups not treated with a test compound containing an ␣-tocopherol moiety; Fig. 3) . In multivariate analysis, presence of an ␣-tocopherol moiety in the test compound was associated with significantly greater preload-adjusted external work during ischemia and reperfusion (P Ͻ 0.01); conversely, presence of a thiazolidinedione moiety in the test compound had no independent effect on preload-adjusted external work during ischemia and reperfusion (P ϭ 0.85).
Effects of treatment on expression of proinflammatory cytokines. Having established a functional benefit of treatment with troglitazone or ␣-tocopherol, but not rosiglitazone, we sought to determine whether these findings might be attributable to differences in inflammatory responses and/or energy substrate metabolism. Figure 4 shows an example of ribonuclease protection assays for IL-1␤, IL-6, and IFN-␥, and Fig. 5 shows group data for cytokine mRNA and protein expression. In untreated pigs, ischemia and reperfusion caused significant Values are means Ϯ SE; n ϭ 5. Data were determined from ribonuclease protection assays. For each sample, bands corresponding to PPAR-␥1 and PPAR-␥2 were normalized to the band corresponding to GAPDH. Mean values of these ratios in the untreated group were assigned a value of 1.00, and values for the other groups are expressed as a fraction of the untreated group. *P Ͻ 0.05 vs. untreated. increases in expression of IL-1␤, IL-6, and IFN-␥ mRNA and protein compared with nonischemic regions of the same hearts. Treatment with troglitazone or ␣-tocopherol, but not rosiglitazone, reduced expression of cytokine mRNA and cytokine protein in ischemic-reperfused myocardium compared with the ischemic-reperfused myocardium from untreated pigs. In multivariate analysis, presence of an ␣-tocopherol moiety in the test compound, but not presence of a thiazolidinedione moiety, was significantly associated with reduced expression of cytokine mRNA (P Ͻ 0.01) and protein (P Ͻ 0.05). Cytokine protein content in hearts of sham pigs (not subjected to ischemia-reperfusion) did not differ significantly from content in nonischemic regions of hearts subjected to regional ischemia and reperfusion (data not shown).
Effects of treatment on myocardial substrate utilization. Table 4 shows plasma insulin, arterial substrate concentrations, and myocardial uptake of glucose, lactate, and FFA under baseline (nonischemic) conditions, at 90 min of low-flow ischemia, and after 90 min of reperfusion. Under baseline conditions, there were no significant differences between groups in any of these variables. It is noteworthy that arterial FFA levels are very low in this model, as in other studies in pigs fed a low-fat diet (7, 12) or after ␤-adrenergic blockade; therefore, lactate and glucose are the predominant myocardial substrates. Values are means Ϯ SE; n ϭ 15 (untreated), n ϭ 6 (troglitazone), n ϭ 12 (rosiglitazone), and n ϭ 7 (␣-tocopherol). LV, left ventricle; LAD, left anterior descending coronary artery. *P Ͻ 0.05 vs. other groups. Fig. 3 . Systolic function in the ischemic region. Preload-adjusted regional external work (see text) was utilized as a load-insensitive measure of regional systolic function. Under baseline (preischemic) conditions, regional external work index did not differ among groups (25 Ϯ 2, 26 Ϯ 4, 26 Ϯ 1, and 25 Ϯ 5 mmHg/cm 2 in untreated, troglitazone, rosiglitazone, and ␣-tocopherol groups, respectively). Therefore, data during ischemia and reperfusion are expressed as a fraction of baseline. Although each group exhibited contractile dysfunction during ischemia and reperfusion, dysfunction was less severe among troglitazone (n ϭ 6) and ␣-tocopherol (n ϭ 7) groups than among rosiglitazone (n ϭ 12) and untreated (n ϭ 15) groups. B, baseline; I, after 90 min of low-flow ischemia; R, after 90 min of reperfusion. In all groups, myocardial glucose uptake increased during ischemia, consistent with an increase in anaerobic glycolysis, whereas FFA uptake decreased, consistent with a decline in oxidative metabolism. Myocardial lactate uptake became negative in all groups, indicating net myocardial lactate release. However, lactate release during ischemia was lower in the troglitazone and ␣-tocopherol groups than in the rosiglitazone and untreated groups (Fig. 6) . At 90 min of reperfusion, myocardial glucose uptake declined slightly from levels during ischemia and net lactate uptake returned to positive values in all groups. However, net lactate uptake after reperfusion was greater in the troglitazone and ␣-tocopherol groups than in the rosiglitazone and untreated groups. In multivariate analysis, presence of an ␣-tocopherol, but not a thiazolidinedione, moiety in the test compound was significantly associated with greater myocardial lactate uptake during ischemia and reperfusion (P Ͻ 0.05). Greater net lactate uptake generally reflects greater oxidative metabolism of carbohydrate substrates as a Values are means Ϯ SE; n ϭ 15 (untreated), n ϭ 6 (troglitazone), n ϭ 12 (rosiglitazone), and n ϭ 7 (␣-tocopherol). FFA, free fatty acid. *P Ͻ 0.05 vs. other groups. ‡P Ͻ 0.05 vs. untreated and rosiglitazone groups over the course of the experiment. result of greater uptake and oxidation of exogenous lactate and diminished release of endogenous lactate from nonaerobic metabolism of glucose. There were no differences among groups in myocardial FFA uptake, which was low because of the low prevailing arterial FFA concentrations.
Effect of increasing arterial FFA concentration. Because thiazolidinedione treatment had no discernible effect on myocardial FFA uptake at low arterial FFA concentrations, additional experiments were undertaken to determine whether thiazolidinedione treatment affects myocardial FFA uptake at higher arterial FFA concentrations comparable to those measured in human subjects. In subsets of pigs in the troglitazone and untreated groups, arterial FFA concentration was increased by infusion of the 10% triglyceride emulsion (Liposyn) and heparin. Troglitazone treatment had no effect on myocardial FFA uptake over a wide range of arterial FFA concentrations at baseline (preischemia), ischemia, or reperfusion (Fig. 7) .
DISCUSSION
The present study indicates that chronic activation of PPAR-␥ is not protective in a model of myocardial ischemia and reperfusion in normal, nondiabetic pigs. This model results in severe myocardial contractile dysfunction, increased expression of proinflammatory cytokines (mRNA and protein), and metabolic impairment. Each abnormality was ameliorated by pretreatment with troglitazone (a thiazolidinedione that contains an ␣-tocopherol moiety) or with ␣-tocopherol itself. In contrast, pretreatment with rosiglitazone, a thiazolidinedione that lacks an ␣-tocopherol moiety, had no beneficial effect on any measured variable, even though rosiglitazone increased myocardial expression of PPAR-␥. Multivariate analysis indicated that presence of an ␣-tocopherol, but not a thiazolidinedione, moiety in the test compound protected against ischemiareperfusion injury. These findings stand in contrast to the predominant finding of myocardial protection with rosiglitazone or pioglitazone (which also lacks an ␣-tocopherol moiety) in prior rat studies of ischemia and reperfusion (18, 23, 45, 46, 53, 57) .
In these prior rat studies, rosiglitazone or pioglitazone reduced myocardial infarct size, preserved postischemic myocardial function, enhanced myocardial glucose utilization, and limited the activation of inflammatory signaling pathways. The cardioprotective effects of rosiglitazone or pioglitazone in rats were observed in isolated hearts and in situ, with acute or chronic pretreatment before ischemia, with no-flow or lowflow ischemia, with brief or prolonged periods of reperfusion, and in normal, insulin-resistant, or diabetic animals. Three of these studies (46, 53, 57) utilized the same dose of rosiglitazone as the present study, and the fourth (23) used a perfusate concentration of rosiglitazone similar to the plasma concentration in the present study. Species differences in PPAR action have been clearly described in other tissues (6) and likely account for the widely disparate findings in prior rat vs. present porcine studies of myocardial ischemia-reperfusion injury. The present findings highlight the need for realistic, large-animal studies as an intermediate step toward defining effects of PPAR-␥ activation in the human heart. Fig. 6 . Myocardial lactate uptake. Myocardial lactate uptake becomes negative (net release) during ischemia and recovers partially with reperfusion. Over the course of the experiment, lactate uptake was greater in troglitazone and ␣-tocopherol groups (test compounds with an ␣-tocopherol moiety) than in rosiglitazone and untreated groups (no ␣-tocopherol moiety). P value indicates an intergroup difference over the course of the experiment. The oxidative stress associated with myocardial ischemia and reperfusion increases the expression of proinflammatory mediators, including several cytokines. The proinflammatory cytokines include those expressed in myocardium (e.g., IL-1␤, IL-6, and TNF-␣) and those expressed by infiltrating inflammatory cells (e.g., IFN-␥). These mediators may act as myocardial depressants (4, 13, 14, 24, 29, 36 -38, 50) . In the present study, the cytokine concentrations measured in the ischemic-reperfused region of untreated hearts are within the range of concentrations shown to depress myocardial function in isolated perfused hearts or cardiomyocytes (4, 13, 14, 29, 36) . Therefore, it is likely that a causal relation exists between cytokine expression and contractile dysfunction in this model. In a variety of in vitro and in vivo systems using rats or mice, including isolated cardiomyocytes exposed to lipopolysaccharide, lung or intestine subjected to ischemia-reperfusion injury, or experimental myocarditis, PPAR-␥ activation has been shown to exert anti-inflammatory effects, including attenuation of the expression of proinflammatory cytokines (3, 9, 21, 31, 35, 39, 51, 56) . By the same token, antioxidants, in general, and ␣-tocopherol, in particular, have been shown to abrogate the activation of transcription factors and attenuate the expression of IL-1␤ and IL-6 in vitro and in vivo (10, 47, 54) and to mitigate myocardial ischemia-reperfusion injury in some, but not all, studies (11) . Troglitazone is an effective antioxidant in a variety of experimental systems and has been shown to reduce transmyocardial release of superoxide anions after ischemia and reperfusion (25) . Thus, on the basis of prior studies, it was plausible that any of the test compounds employed in the present experiments could have abrogated inflammatory responses after ischemia and reperfusion. However, our data indicate that the presence of an ␣-tocopherol moiety in the test compound, but not the presence of a thiazolidinedione moiety, diminished proinflammatory cytokine expression (mRNA and protein content).
The oxidative stress associated with myocardial ischemia and reperfusion also impairs mitochondrial function and oxidative energy substrate metabolism, resulting in reduced flux through the tricarboxylic acid cycle (20) . In particular, a metabolic signature of viable reperfused (stunned) myocardium is impaired oxidation of carbohydrate substrates (i.e., glucose and lactate) with a shift toward nonoxidative metabolism of glucose, despite ample oxygen availability (27) . This metabolic abnormality is characterized by reduced myocardial lactate uptake relative to glucose uptake. Net myocardial lactate uptake is the difference between uptake of exogenous lactate and release of lactate formed in the myocardium from anaerobic metabolism of glucose. These processes occur simultaneously. With impaired carbohydrate oxidation, exogenous lactate uptake is reduced, while lactate production from glucose is increased, resulting in low net lactate uptake. As oxidative carbohydrate metabolism is restored, exogenous lactate uptake increases and glucose metabolism to lactate decreases, resulting in increased net lactate uptake. In the present experiments, greater myocardial lactate uptake after ischemia and reperfusion was observed in the troglitazone and ␣-tocopherol groups than in the untreated and rosiglitazone groups, without intergroup differences in glucose uptake. These observations are consistent with improved carbohydrate oxidation in the troglitazone and ␣-tocopherol groups compared with the untreated and rosiglitazone groups. Reduced carbohydrate oxidation in reperfused myocardium has been linked to impairment of pyruvate dehydrogenase (PDH) activity by proinflammatory cytokines (52, 58, 59) and may contribute to myocardial calcium overload and contractile dysfunction. Conversely, restoration of carbohydrate oxidation in reperfused myocardium by PDH activators is associated with improved contractile function (16) . PPAR-␥ activation may result in enhanced PDH activity by attenuating expression of proinflammatory cytokines and/or by downregulating expression of the principal inhibitor of PDH, PDH kinase (22) . In fact, thiazolidinediones have been shown to normalize depressed PDH activity in skeletal muscle (22, 49) and to increase myocardial glucose utilization after ischemia and reperfusion in Zucker obese rats (46) . Similarly, antioxidant agents may preserve oxidative metabolism of carbohydrates in the face of oxidant stress (40) . Therefore, on the basis of prior studies, an improvement in oxidative carbohydrate metabolism might have been expected with any of the test compounds employed in the present study. However, multivariate analysis again indicated that presence of an ␣-tocopherol, but not a thiazolidinedione, moiety in the test compound was related to increased myocardial lactate uptake after ischemia and reperfusion compared with untreated pigs.
In insulin-resistant rodents and patients, thiazolidinediones improve insulin sensitivity, in large part, through reduction of circulating FFA concentrations. In the present experiments, we did not observe an effect of troglitazone or rosiglitazone on plasma FFA levels or myocardial FFA uptake. The absence of such effects in this model may be related to the fact that circulating FFA levels are very low in lean swine fed a low-fat chow diet and with lipolysis inhibited by ␤-blockade during the terminal experiment. However, even when FFA levels were augmented by infusion of triglyceride emulsion and heparin, we did not see an effect of troglitazone on myocardial FFA uptake. These findings suggest that, in normal swine, chronic thiazolidinedione treatment has no discernible effect on myocardial FFA utilization.
The absence of any detected beneficial effects of treatment with rosiglitazone, a PPAR-␥ activator without intrinsic antioxidant properties, in contrast to the benefit of treatment with troglitazone, a PPAR-␥ activator with antioxidant properties, suggests that PPAR-␥ activation per se is not protective in this model of ischemia-reperfusion injury and that antioxidant effects most likely account for the benefits of treatment with troglitazone or ␣-tocopherol. Alternatively, it is possible that the different effects of rosiglitazone and troglitazone reflect different patterns of gene regulation by these compounds. For example, in a study that compared effects of rosiglitazone and troglitazone in a variety of cell culture lines, as many genes were regulated discordantly by these compounds as were regulated concordantly (5). Such differences in transcriptional regulation may be due to different affinities for PPAR coactivator and corepressor complexes. As another example, troglitazone, but not rosiglitazone, has been shown to inhibit sodium-proton exchange in endothelial cells (8) ; an analogous effect of troglitazone in myocardium could be protective in ischemia and reperfusion.
Several limitations of the present study must be recognized. First, we evaluated only one dose of each test compound; therefore, our data do not provide dose-response relations. We chose doses of troglitazone and rosiglitazone that resulted in clinically relevant plasma concentrations and that would be expected to produce similar activation of PPAR-␥ on the basis of the relative affinities of each compound for PPAR-␥. We chose a dose of ␣-tocopherol that was equimolar to the dose of troglitazone. Second, our examination of inflammatory mediators was selective, rather than comprehensive. We examined the effects of treatment on expression of three proinflammatory cytokines (IL-1␤, IL-6, and IFN-␥) that are believed to play important roles as myocardial depressants and contributors to myocardial ischemia-reperfusion injury. Using two commercial kits, we were not able to obtain reproducible measurements of myocardial TNF-␣ concentrations. We did not examine effects on treatment on other signaling pathways that may be affected by PPAR-␥ activation, such as nuclear factor-B, activator protein 1, or MAP kinases, nor did we measure myocardial high-energy phosphates. Finally, we evaluated the effects of the test compounds on responses to a single duration and severity of ischemia in open-chest anesthetized, nondiabetic pigs. It is possible that the divergent results of prior studies in rats and the present study in pigs are related to the severity of myocardial injury imposed: In each of the prior rat studies (18, 23, 46, 53, 57) , ischemia and reperfusion resulted in myocardial infarction; in contrast, our porcine model of low-flow ischemia and reperfusion results in myocardial stunning without significant infarction (28, 42) . We cannot exclude the possibility that PPAR-␥ activation would have had different effects in pigs subjected to greater or lesser severity of ischemia, in conscious chronically instrumented pigs, or in pigs with insulin resistance or overt diabetes. These questions require further investigation.
